Paraplegia is a serious complication that sometimes results from operation on the thoracic aorta. The mechanism of spinal cord injury has been thought to involve tissue ischemia, and spinal motor neurons are suggested to be vulnerable to ischemia. The exact mechanism, however, is not fully understood. To evaluate the mechanism of such vulnerability of motor neurons, we attempted to make a reproducible model for spinal cord ischemia and statistically analyzed cell damage. With this model, induction of heat shock protein 70 (HSP70) and heat shock cognate protein (HSC70) messenger ribonucleic acid molecules were investigated with Northern blot analysis for up to 7 days of reperfusion after 5 or 15 minutes of ischemia. Immunohistochemical studies of their proteins were also done. (heat shock proteins a r e a set of markers of neuronal injury after ischemia.) After 5 minutes of ischemia, there was no induction of HSP70 and HSC70 messenger ribonucleic acid molecules or their proteins, and all cells remained intact. In contrast, after 15 minutes of ischemia, HSP70 messenger ribonucleic acid was induced at 8 hours of reperfusion, and HSC70 messenger ribonucleic acid was expressed continuously at the control level. Immunoreactivity of HSP70 protein was slightly induced at 8 hours of reperfusion selectively in motor neurons, and about 70% of motor neuron cells showed selective cell death after 7 days of reperfusion. This study demonstrated induction of HSP70 messenger ribonucleic acid and its protein in motor neuron cells after transient ischemia in the spinal cord. This phenomenon was not accompanied by HSC70 induction. (J Thorac
paraplegia. 4 The reported prevalence of paraplegia ranges from 0.9% to 40% in operations on the thoracic aorta, s ' 6 The mechanism of spinal cord injury during operations on the thoracic aorta is thought to be related primarily to direct tissue ischemia. Ischemia can occur because of permanent exclusion of the essential intercostal arterial blood supply to the spinal cord or by temporal interruption of the spinal cord blood flow. 7' 8 Spinal motor neurons are suggested to be more vulnerable to ischemia than dorsal horn neurons. However, the exact mechanism is not fully understood.
To evaluate the exact mechanism of such vulnerability of spinal motor neurons by ischemia, we attempted to make a reproducible model for spinal cord ischemia and statistically analyzed cell damage. Heat shock proteins (HSPs) a r e a set of proteins that are expressed 9' 10 at increased levels in cells subjected to a variety of stresses such as hyperthermia, 11 trauma, 12 and ischemia, a3' 14 Recent studies Table I . Neurologic scores at 2 days and 7 days after procedure SEM, standard error of the mean. *p < 0.01 compared with 7 days after procedure in 15-minute ischemia group. "}' p < 0.05 compared with 7 days after procedure in 15-minute ischemia group.
have suggested that HSP70 and heat shock cognate protein (HSC) 70 are "molecular chaperones ''15 that may be useful markers of neuronal injury after cerebral ischemia. 16-18 Therefore we also examined changes of HSP70 and HSC70 messenger ribonucleic acid (mRNA) molecules and immunoreactivities of their proteins after spinal cord ischemia.
Material and methods
Animal models. Twenty-seven domesticated white rabbits (Japan) weighing 2 to 3 kg were used in this study and divided into three groups: a 5-minute ischemia group, a 15-minute ischemia group, and a sham-operated control group. Anesthesia was induced with intramuscular administration of ketamine at a dose of 50 mg/kg and maintained with 2% halothane inhalation. A 5F pediatric balloon-tipped catheter (405, Braun, Melsungen, Germany) was inserted through a femoral artery and advanced 15 cm forward into the abdominal aorta. Preliminary investigations confirmed that the balloon in the distal end of the catheter was positioned 0.5 to 1.5 cm just distal to the left renal artery. During the experiment, aortic pressures were continuously monitored at both the proximal and distal positions of the balloon. Body temperature was monitored with a rectal thermistor and was maintained at 37°C with the aid of a heating pad during operation and subsequent ischemia.
Animals were allowed to recover at ambient temperature, and killed at 8 hours and 1, 2, and 7 days after reperfusion (n = 3 at each time). In the sham-operated control group, animals were killed just after insertion of the catheter into the abdominal aorta without inflation of the balloon. Spinal cords were quickly removed immediately after death, with use of the plunger of a 1 ml syringeJ 9 The tissue samples for RNA molecules were frozen in powdered dry ice and stored at -80 ° C. The samples for immunohistochemistry and histologic studies were fixed by immersion in 4% paraformaldehyde in 0.1 mol/L phosphate buffer and then stored at 4°C for 1 week; they were then cut transversely at about the L2 or L3 level and, finally, embedded in paraffin.
In the experiment, rabbits were treated in accordance with the Declaration of Helsinki and the Guiding Principles in the Care and Use of Animals. Also, the experimental and animal care protocol was approved by the Animal Care Committee of the Tohoku University School of Medicine.
Neurologic assessment. Neurologic function was observed at 2 days and at 7 days after the procedure. Animals were classified according to a 5-point scale according to the method of Johnson, Kraimer, and Graeber 2° as follows: 0, hind-limb paralysis; 1, severe paraparesis; 2, functional movement, no hop; 3, ataxia, disconjugate hop; 4, minimal ataxia; and 5, normal function. Two persons without knowledge of the treatment graded neurologic function independently. Statistical analyses of the neurologic score were done with the Mann-Whitney U test.
ttistologic study. The sections were stained with hematoxylin-eosin stain and examined by light microscopy. To determine the ischemic change, another series of animals was allowed to recover for 2 days after 15 minutes of ischemia (n = 6) and for 7 days after sham operation (n = 5), 5 minutes of ischemia (n = 8), or 15 minutes of ischemia (n = 8). The spinal cords were removed, fixed by immersion in 4% paraformaldehyde in 0.1 mol/L phosphate buffer for 7 days, and then embedded in paraffin. The number of intact motor neurons in the ventral gray matter region was counted. Statistical analyses for the cell numbers were done with the Mann-Whitney U test.
Northern blot analyses. The inserts of cloned complementary deoxyribonucleic acid (pGA3 for HSP70, pGD3 for HSC70) selective for the HSP70 and HSC70 mRNA molecules, which were derived originally from cerebral cortex of gerbils, were 1.0 kb and 1.4 kb, respectively. 21 Total RNA molecules were extracted from spinal cords of sham-operated and postischemic rabbits, electrophoresed, and transferred to a nylon membrane according to our previous report. 13 The probes were labeled with enhanced chemiluminescence (RPN3000, Amersham International, Buckinghamshire, United Kingdom) by direct labeling and hybridized against Northern blot membranes (20/xg of total RNA per lane) at 42°C for 20 hours in a hybridization solution containing formamide. After the hybridization, the filters were washed with 2 × SSC (1 x SSC = 150 mmolfL NaC1 + 15 mmol/L sodium citrate) plus 0.4% sodium dodecyl sulfate at room temperature and then washed again with 1 x SSC plus 0.4% sodium dodecyl sulfate at 42 ° C. The filters were exposed to x-ray film for 5 to 30 minutes at room temperature. «-Tubulin mRNA was measured as an internal standard.
Histochemical study. Immunostaining against HSP70 and HSC70 in rabbit spinal cords was done according to our previous method 22 with use of a kit (PK-6102 and PK-4010, respectively, Vector Laboratories, Burlingame, Calif.) with a mouse monoclonal antibody against HSP70 (RPN 1197, which was originally designed as clone C92; Amersham) and HSC73 (018-1551, which was originally designed as clone NT22; Wako, Osaka, Japan). Specificity of the antibody has been noted elsewhere. 
Results
When the balloon of the catheter was inflated in the abdominal aorta, systemic blood pressure of the rabbits did not change. The arterial pressure distal to the inflated balloon fell to near zero and no pulsation was recorded. On deflation of the balloon, systemic blood pressure of this portion decreased for 15 minutes and then returned to the normal level (data not shown). Spinal cord ischemia was achieved by the inflation of the balloon so as to obstruct blood flow to spinal cordY ' 26 Neurologic outeome. The results are summarized in Table I . In the sham operation group (n --5) and the 5-minute ischemia group (n = 8), all rabbits showed normal neurologic function (grade 5). In the 15-minute ischemia group at 2 days after the procedure (n = 6), 4 rabbits (67%) had normal findings (grade 5) and 2 rabbits (33%) had minimal ataxia (grade 4). In the 15-minute ischemia group at 7 days after the procedure (n --8), 4 rabbits (50%) did not hop (grade 2) and 4 rabbits (50%) had ataxia (grade 3). There was a significant difference in the neurologic scores between 2 days after the procedure and 7 days after the procedure in the 15-minute ischemia group (p < 0.05). This difference was similarly marked between the 5-minute ischemia group and 15-minute ischemia group at 7 days after the procedure (p < 0.01). Five minutes of ischemia did not affect neuronal function whereas 15 minutes of ischemia did affect such function.
Histologie study. Representative photographs of sections stained with hematoxylin-eosin stain are shown in Fig. 1 . After 5 minutes of ischemia, no significant change was seen in motor neurons (Fig.  1, B) as compared with those in the sham-operated control cases (Fig. 1, A) . After 15 minutes of ischemia on day 7 of reperfusion, about 70% of motor neuron cells in Rexed's laminae VII, VIII, and IX were lost (Fig. 1, C) , although most motor neuron cells remained intact after 2 days of reperfusion. Small motor neurons and intermediate neurons survived the ischemia (Fig. 1, C) . Dorsal horn neurons were intact after 5 and 15 minutes of ischemia (data not shown). The results of cell counting in the ventral gray matter region on the paraffin Table II . Five minutes of ischemia did not affect the number of motor neuron cells in contrast to motor neuronal loss in the group subjected to 15 minutes of ischemia at 7 days after the procedure. Northern blot analyses. Fig. 2 shows the results of Northern blot analysis with cloned HSP70 and HSC70 complementary deoxyribonucleic acid probes. In the spinal cords of sham-operated animals, there was no hybridization with the HSP70 mRNA whereas HSC70 mRNA was normally expressed. After 5 minutes of ischemia, HSP70 mRNA was not induced at any time (data not shown). After 15 minutes of ischemia, HSP70 mRNA was induced only at 8 hours of reperfusion, and the amount of HSP70 mRNA returned to the sham-operated control level by day 1 (Fig. 2, left ; Table III ). The level of HSC70 mRNA was expressed at all times after 5 and 15 minutes of ischemia ( Fig. 2, right; Table III) .
Histochemical study. Photographs for immunoreactive HSP70 and HSC70 in sections from spinal cords are shown in Fig. 3 . The spinal cords of sham-operated animals did not show HSP70 immunoreactivity in any cells (Fig. 3, A; Table III) .
Although no cells in the spinal cord produced an immunoreactive HSP70 at any time after 5 minutes of ischemia, motor neurons selectively showed a moderate immunoreactivity for HSP70 at 8 hours of reperfusion after 15 minutes of ischemia (Fig. 3, B, arrows; Table III ). Other cells in the spinal cord did not express immunoreactive HSP70. Immunoreactivity for HSC70 was evident in motor neuron cells in sham-operated animals, but showed no change after 5 or 15 minutes of ischemia ( Fig. 3, C ; Table  III) as was the case with mRNA (Fig. 2, right) .
Discussion
We have demonstrated selective motor neuron death in lumbar regions of the rabbit spinal cord with a reproducible model. The spinal cord ischemia model that uses balloon catheters has a number of advantages in comparison with other models of spinal cord ischemiaY' 27 First, the anatomy of the rabbit is simple in comparison with that of other animals such as the dog and the cat. Balloon occlusion of the abdominal aorta is simple, quickly accomplished, and less invasive than conventional methods of ligating the aorta by laparotomy. Therefore postoperative complications were minimal and functional deficits were stereotypical. The neurologic and histologic patterns of 5 and 15 minutes of ischemia in out models are very much reproducible. Northern blot analyses were also reproducible at each point (Table III) . This is the first quantitative study in which surviving motor neuron cells have been counted after spinal cord ischemia.
Fifteen minutes of ischemia is a relatively short ischemic period in comparison with those used in previously reported models, 2° and after the ischemia, selective motor neuron damage was observed after only 7 days of reperfusion in this model. This phenomenon is known as selective neuronal death in motor neuron cells after spinal cord ischemia. 28 This result is compatible with delayed deterioration of neurologic function after spinal cord ischemia. In addition, this result shows that motor neurons are most vulnerable to ischemic injury. A previous report showed that there are no differences in spinal blood flow between ventral and intermediate gray matter after transient ischemia. 29 It is known that HSP70 and HSC70 proteins bind denatured or unfolded proteins and degrade or refold the abnormal proteins during stressful conditions. Recent studies have suggested that HSP70 and HSC70 mRNA molecules should be useful markers of neuronal injury after cerebral ischemia. 16-1s We previously showed that HSP70 mRNA would be induced by stress stronger than that which eventually leads to cell death. The selective induction of HSP70 mRNA and protein in motor neuron cells may indicate a stress response that occurs in the spinal cord after 15 minutes of ischemia and, finally, about 70% of motor neurons were selectively damaged after 7 days of reperfusion. In addition, with regard to the stress of hyperthermia, induction of HSP70 was observed in glial cells rather than in motor neurons in the rabbit spinal cord. 3° Thus our results suggest that a different mechanism of stress response may be present between hyperthermia and ischemia in the rabbit spinal cord.
In the rat or gerbil brain, HSC70 mRNA was induced in slight ischemia, which causes neither HSP70 mRNA induction nor cell death, t6' 18 A1-though HSP70, as a stress-inducible protein, may have a protective role in stressful cellular events, it may also serve as a marker of such stress, energy failure, cold injury, and ischemia. Therefore this dissociation of induction of HSP70 and HSC70 mRNA serves as a useful biochemical marker for neuronal damage after cerebral ischemia. 16 However, HSC70 mRNA and protein were continuously expressed at the control level in rabbit motor neuron cells after 5 and 15 minutes of ischemia. Therefore the mechanisms of cell injury of the motor neurons in the spinal cord and the hippocampal cells of the brain after ischemia might differ.
This study demonstrated induction of HSP70 mRNA and its protein in motor neuron cells after transient ischemia in the spinal cord. This phenomenon was not accompanied by HSC70 induction.
